ABSTRACT The study of direct push sampling characteristics forms the theoretical basis for deep sampling tool design. In this paper, a ground test of the direct push sampling was carried out to analyze three influencing factors: tube diameter; friction coefficient; and soil plug length. Using the discrete element method software, EDEM, a lunar subsurface direct push sampling model was established. We propose a vortex structure of the particle displacement field in the sampling tube and establish a connection between the three influencing factors and the structure disturbance of the soil plug. The EDEM simulation revealed the microscopic mechanism of penetration sampling disturbance. The results show that the soil plug in the compressive state had a small disturbance and a high degree of sequence retention and that the internal stress was changed compared to that in the in-situ state. The structure disturbance of the soil plug in the stick-slip state was large, while the parts of the soil plug that are away from the center line of the tube were in disorder. In the center line of the tube, the in-situ sequence state was gradually restored with the increase in tube diameter or decrease in soil plug length. Increasing the friction coefficient would change the soil plug from the compression state to the stick-slip or adhesion state. In case of the stick-slip state or adhesion, reducing the diameter of the tube or increasing the length of the soil plug would change the soil plug from the stick-slip state or adhesion state to the compression state.
I. INTRODUCTION
The main task of the 3rd phase project of the Chinese lunar exploration is to automatically collect and return lunar soil samples [1] . The physical and mechanical properties of lunar soil profile information, composition, and in-situ strength will be obtained from the continuous lunar soil at a specified depth below the lunar surface. At present, the worldwide successful cases of sampling lunar soil include the lunar exploration activities of the US Apollo series and the Soviet Luna series, but there are some discrepancies between the results of the two series of lunar exploration activities and mission objectives. Among them, the samples in the Apollo 11 core tube have been severely disturbed and the bulk density is much lower than that of in-situ lunar soil [2] , [3] . The penetration depth of Luna 24 reaches 225 cm, but the top of the core tube has a 60 cm cavity, with only a trace of lunar sample. The actual sample length is only 160 cm [4] .
To ensure that the sampled lunar soil samples satisfy the requirements of the laboratory test and that the results would accurately reflect the in-situ state of the lunar soil at the sampling point, it is necessary to study the characteristics of the lunar subsurface sampling disturbance combined with the lunar environment and lunar soil properties.
In recent years, many researchers have done a lot of research on sampling disturbance. Eyre calculated the strain path of the sample center line in the process of sampling tube penetration by the particle image velocimetry method and compared it with the strain prediction of the existing analysis and numerical models. The results show that the strain path obtained by this method has a certain correlation degree with the theoretical solution [5] . Qin et al. [6] obtained the theoretical solution of the sedimentary soil being extruded and expanded by the sampling tube with the spherical cavity expansion theory. Finite element methods have been used to predict the strain path of the soil element at the center line of the sampling tube by Clayton et al. [7] , the result validated the effectiveness of the strain path method proposed by Baligh [8] evaluating the disturbance degree of the tube sampling. Jiang et al. [9] studied the influence of the diameter of the soil sampler on the sampling disturbance and evaluated the sample disturbance by the volume compression method and the volume strain method under the weight stress. The results showed that the soil quality of the large diameter soil sampler was obviously superior to the small one and that a large diameter soil sampler could ensure the reliability of the laboratory test results [9] . According to the deformation and strain solution calculated by spherical cavity expansion in semi-infinite space, the strain formula during the sampling process was established by Zuo et al. [10] . The results showed that the disturbance of the soil close to the wall of the soil sampler was relatively large. Yan et al. presented a visual test method to study the degree of disturbance inside and outside of the sampling tube in the process of sampling tube penetration. The results showed that the disturbance at the center line of the tube was minimal and the affected area outside the tube was 1.5 times the diameter range [11] . Chen contrasted the effects of hammer and rotation penetration methods on the physical and mechanical parameters of cohesive soil. The severity of sampling disturbance is evaluated by comparing the change in void ratio in the sample, e with the sample's original void ratio e, and by studying the magnitude of the volumetric strain (ε) when consolidating the sample to its original in-situ stress, respectively [12] . Liu et al. presented a surface slope method to describe the stratification of samples taken from lunar soil. This method could quantitatively describe the boundary between the minor disturbances and stratification damage parts of each layer [13] .
In this paper, we use the discrete element simulation model to analyze the mechanism of the direct push sampling disturbance on the lunar subsurface. Based on the results of the ground test, the effects of the diameter of the sampling tube, the friction coefficient between the lunar soil and the sampling tube, and the length of the soil plug on the micro kinetic characteristics of the lunar soil particles are investigated. The purpose of analyzing the sampling disturbance of lunar surface in direct push sampling is to provide evidence for the design and optimization of a lunar soil sampler.
II. DIRECT PUSH SAMPLING METHOD
The direct push sampling method, which has many notable advantages such as high efficiency and small damage to the in-situ state of the soil, is widely used in engineering geological exploration, subsurface soil pollution detection, and underground water quality survey etc. In the field of lunar exploration, the United States adopted this method to obtain the lunar soil with a maximum depth of 70 cm [14] . In the ground environment, a direct push sampler with simple structure and wide application is the open thin-wall sampler, i.e., the Shelby tube, as shown in Figure 1 . The soil sampler [15] . (b) Force on the sampling tubea.
is fixed to the drilling equipment and penetrates up to the specified depth by applying constant pressure at a very fast speed during sampling.
III. ANALYSIS OF THE INFLUENCE FACTORS OF SAMPLING DISTURBANCE
The soil plug is the soil that enters the inner part of the tube during the sampling process. The friction between the soil plug and the tube would hinder the entry of the soil. After the soil enters the sampling tube forming a soil plug, the insitu stress state of the soil is relieved, but a complex strain response is produced under the action of friction, and even the flow of the soil leads to the destruction of stratification and in situ information, as shown in Figure 2a ). The composition of the penetration force is complicated. When the soil plug inside the tube is not completely plugged, the penetration force is the sum of the friction force between the outer wall of the tube and the soil, the contact force between the bottom section of the tube and the soil, and the friction force between soil and the inner wall of the tube. When the soil plug inside the tube is completely plugged, the penetration force is the sum of the friction force between the outer wall of the tube and the soil and the contact force between the bottom section, which is given by the size of the outer diameter of the tube, and the soil. As shown in Figure 2b )
where F is the penetration force, F out the friction force between the outer wall of the tube and the soil, F an the contact force between the bottom section of the tube and the soil, F D the contact force between the bottom section of the tube and the soil, and F in the friction force between soil and the inner wall of the tube. 
A. TEST PLATFORM
The test platform used in this paper is the lunar subsurface sampling ground test platform (shown in Figure 3 ) developed by the Research Center of Aerospace Mechanism and Control at the Harbin Institute of Technology [16] . The tension sensor on the test platform can measure a 0-1500 N penetration force at a sampling frequency of 1000 Hz.
B. BLUNAR SOIL SIMULANT
The main physical and mechanical properties of the lunar soil are significantly different from those of earth soil in terms of generation conditions, water content, air content, and biological environment. The main characteristics are no water, obvious angular particles, good gradation, large specific gravity and relative density, large internal friction angle, but relatively little cohesion. The envelop size of the main composition of lunar soil is less than 1 mm in diameter. The median particle size is about 70 µm. The internal friction angle of lunar soil is between 25 • -50 • , the cohesion is between 0.26-1.8 kPa [17] . The two lunar soil simulants used in this paper (HIT LS2# and HIT LS3#) are shown in Figure 4 .
Their physical and mechanical parameters, which are within the range of real lunar soil, are shown in Table 1 . 
C. EXPERIMENTAL RESULT
A series of direct push sampling tests is designed in this paper. The magnitude of the penetration force is used as a standard to measure the sampling disturbance and the 6 indicators (tube diameter, parameter of lunar soil simulant, penetration speed, friction coefficient between tube and lunar soil simulant, environment temperature, and soil plug length) are compared one by one. The number of repetitions is 5 and the test conditions are shown in Table 2 .
The comparison of penetration test results is shown in Figure 5 . It shows that: (1) there is a positive correlation between the diameter of the sampling tube and the penetration force. When the diameter of the sampling tube is 20 mm, the penetration force appears to fluctuate. The resistance formation mechanism of soil flow inside the 20-mm diameter tube is thus different from that inside the 28-mm diameter tube; (2) the increase of the friction coefficient between the tube and the soil plug leads to an increase in the friction force on the soil plug. This is a direct effect of the characteristics of the soil plug; (3) the soil plug at different positions in the sampling tube is affected by the friction force, which has different effects on the structure of the soil plug and the stress state. Therefore, the diameter of the sampling tube, the friction coefficient between the inner wall of the tube and the lunar soil, and the length of the soil plug are taken as input variables of the discrete element simulation.
IV. ESTABLISHING THE DISCRETE ELEMENT MODEL
To intuitively reflect the sampling disturbance status of the soil plug inside the sampling tube and analyze the disturbance status at a microscopic level, a simplified model of the lunar subsurface direct push sampling disturbance is established by using the discrete element method.
A. CONTACT MODEL
The discrete element software used in this paper is EDEM. In the discrete element simulation model established by EDEM, we adopt the Hertz-Mindlin contact model between two particles, single particles and geometry. The expressions of the normal force F n , tangential force F t and rolling friction torque τ i is:
where E * is the equivalent modulus of elasticity, R * the equivalent radius of the contact spheres, δ n the normal overlap, 48658 VOLUME 6, 2018 δ t the tangential overlap, G * the equivalent shear modulus, µ r the rolling friction coefficient, R i the distance from the contact point to the mass center, and ω I the unit angular velocity vector at the contact point.
B. PARAMETER MATCHING OF LUNAR SOIL SIMULANT
When the soil sampler interacts with the lunar soil, the accuracy of the particle interaction parameters will directly influence the simulation results [18] , [19] . To ensure that the particles in the discrete element simulation have the same mechanical properties as real lunar soil [20] , the parameters of the lunar soil simulant needs to be matched in the simulation model and the previous research results used in this paper, as shown in Table 3 . The internal friction angle of the lunar soil simulant in the simulation model is 36.1 • and the cohesion is 0.53 kPa, which are within the range of real lunar soil [21] .
C. DISCRETE ELEMENT MODEL
To reduce the number of particles and improve the operation efficiency in analyzing the stress and structural changes in the soil plug, the direct push sampling tube is simplified into a cuboid container in the discrete element model. The thickness of the cuboid is 1.1 mm, slightly larger than the maximum diameter of the particles. The width is same as the diameter of the sampling tube, 10 mm and 50 mm, respectively, represented by W, and the length of the soil plug, 40 mm and 80 mm, respectively, represented by L. The particles are not confined on the top side of the cuboid, also can't pass through the bottom side. The sampling process is simplified as the left and right sides of the wall of the cuboid move downward relative to the lunar soil simulant. The simplified model of the sampling disturbance is shown in Figure 6 . The sequence stratigraphy of the soil plug is divided into intervals of 5 mm and the initial state void ratio of each layer is calculated.
Nine simulation tests were carried out for different diameters of the sampling tube, soil plug length, and the friction coefficient between the lunar soil simulant and wall. The simulation tests are shown in Table 4 .
V. ANALYSIS OF SIMULATION RESULTS

A. CHANGE IN THE VOID RATIO
The void ratio of the soil plug in the nine simulation tests are shown in Figure 7 . When the diameter of the tube is 50 mm, the void ratio of each layer in the sampling tube changes little for different friction coefficients compared with the initial state, the minimum void ratio is within 5 mm to 20 mm of the soil plug; When the diameter of the tube is 10 mm, the void ratio of each layer in the sampling tube obviously changes for different friction coefficients compared with the initial state. On the top of the soil plug, the void ratio increases gradually; the minimum void ratio is located at 5 mm to 10 mm of the soil plug. The expansion on the top of the soil plug and the compression on the bottom are compared with the initial state.
As the length of the soil plug changes from 40 mm to 80 mm, the void ratio within the range 0 mm to 20 mm from the bottom of the soil plug is lower than the initial state. The reason is that the increase of the soil plug length causes higher overburden stress acting on the bottom of the soil plug. The increase of the friction coefficient between the inner wall of the tube and the lunar soil simulant causes more intense changes of the void ratio in the soil plug.
B. STRUCTURE DISTURBANCE
Through the simulation results, we can intuitively see the disturbance state of the internal structure of the soil plug varying with three factors. The sequence stratigraphy of the nine simulation tests is shown in Figure 8 .
When the diameter of the sampling tube is 50 mm, the sequence stratigraphy of the soil plug is not obviously affected by changes in the friction coefficient. When the friction coefficient is 0.19, the whole soil plug is compressed and there is no particle displacement; the shear failure surface is located on the wall of the tube. When the friction coefficient is 0.33, the soil plug and the inner wall of the tube are in the stick-slip state. The velocity of the particles at the tube wall is between 0 and the moving velocity of the tube wall. The fluctuation in the velocity is large. It shows that the shear failure occurs at the wall of the tube and the inner soil plug. When the friction coefficient is 0.57, the particles at the tube wall completely adhere to the wall of the tube and no shear failure occurs.
When the friction coefficient is 0.19, only compressive deformation occurs in the soil plug of the three sampling tubes, the sequence stratigraphy is consistent with the initial state. The change of the diameter of the tube and the soil plug length has little effect on the soil structure. The Mohr's stress circle of the soil element at the wall of the tube is shown in Figure 9 and the coefficient of earth pressure is 0.93, while the coefficient of static earth pressure is 0.41 under normal consolidation and 36.1 • internal friction angle conditions. It indicates that the sequence stratigraphy of the soil is not affected by the penetration of the sampling tube, but the internal stress state has changed. soil plug length of 40 mm. The direction of the particle displacement at the center line is inclined upward and the whole soil plug expands. The maximal displacement is 1.22 mm at a soil plug length of 25 mm. The results of the simulation analysis are consistent with the analytical solution obtained by Baligh, who adopts the strain path method to calculate the disturbance state of the center line of the sampling tube. The displacement of the particle at a position 1/4 diameter away from the center line is significantly smaller than that of the center line. When the soil plug length exceeds 35 mm, the direction of the particle displacement is downward and the soil plug compresses. The displacements of the particles at the center line of the sampling tube are compared for different tube diameter in Figure 11 . It can be found that the smaller the diameter of the tube, the greater the expansion of the center line and the soil plug ''billow'' inside the sampling tube. The premise is that the friction coefficient between the tube wall and the soil plug is large enough to form the stick-slip or adhesion state. If the friction coefficient is not that high, the soil plug in the sampling tube only compresses.
In the semi-infinite soil, when the friction coefficient between the tube wall and the particles exceeds the minimum value of the stick-slip effect, there is a stable vortex structure and a scattering structure in the displacement field of the single wall penetration. With increasing penetration depth and soil plug length, the scattering structure gradually deforms into the vortex structure, as shown in Figure 12 . When the tube diameter decreases, and the plug length is constant, the scattering structure deforms rapidly into the vortex structure, forming an interaction between the tube walls, as shown in Figure 13 . When the tube diameter continues to decrease, the scattering structure completely disappears and then the vortex structure gradually disappears from the bottom of the soil plug, as shown in the displacement field of 80L10W in Figure 13 . When the soil plug length increases, the effect is the same as a decrease in the tube diameter, until the soil plug enters the compressed state again. In the compressive state, the displacement field of the particles is a vortex structure with infinite radius and the scattering structure belongs to the vortex structure with larger radius.
According to figure 11 , when the friction coefficient is 0.33 and the tube diameter decreases from 50 mm to 10 mm, the downward displacement of the particles at the tube wall becomes small and the direction of the displacement of the particles at the position 1/4 diameter away from the center line turns from up to down, while the displacement of the particles at the center line increases. This indicates that the interaction between the right and left side of the tube wall is strong. 
C. FORCE CHAIN DISTRIBUTION INSIDE THE SOIL PLUG
The force chain distribution of the soil plug is shown in Figure 15 , where the deep color line forming a strong force chain represents a contact force that is larger than 0.001 N between the two particles.
The diameter of the sampling tube influences the formation mechanism of the flow resistance of the lunar soil in the sampling tube. The smaller the diameter of the tube, the more obvious the interaction between the two sides of the sampling tube, and the more easily the strong force chain forms interlacing shape. The interaction will enlarge the resistance. When the tube diameter increases, the strong force chain does not form the interlacing shape and the change of the stress state inside the soil plug is weakened. The interaction only exists in a certain range of diameters and lengths. It is the reason the penetration force shows different rules under different tube diameters.
VI. CONCLUSION
(1) The possible states of the soil plug in the sampling tube are: 1) compressive state, 2) stick-slip or adhesion state, and 3) coexistence of the compressive state with the stickslip or adhesion state. Under compressive state conditions, changing the tube diameter or soil plug length in a certain range will not affect the compression state of the soil plug. Increasing the friction coefficient will change the soil plug from the compressive state to the stick-slip or adhesion state. Under the stick-slip or adhesion state condition, reducing the tube diameter or increasing the soil plug length will change the soil plug from the stick-slip or adhesion state to the compression state.
(2) In the compressive state, the structure disturbance of the soil plug is the smallest and the sequence stratigraphy changed only slightly compared to that in the initial state, but the stress inside the soil plug changes. In the stickslip or adhesion state, the structure disturbance of the soil plug is large and the particles near the tube wall are in a disordered state. At the center line of the tube, the sequence stratigraphy of the initial state is gradually restored with the increase in tube diameter or the decrease in soil plug length. Since 2017, he has been an Academician of the China Engineering Academy. He has over 30 years designing and manufacturing experiences in aerospace system and advanced robotics. In recent years, he has been involved in the Chinese Lunar Exploration Program. He has authored three books, over 400 articles, and over 50 inventions. VOLUME 6, 2018 
